Objective: To determine the risk factors for and outcomes associated with the rapid decline in lung function in a cohort of elderly US adults. Methods: Data from 4923 adult participants aged 65 years and older at baseline in the Cardiovascular Health Study were analysed. Subjects were classified using a modification of the GOLD criteria for chronic obstructive pulmonary disease (COPD) and a ''restricted'' category (FEV 1 /FVC >70% and FVC ,80% predicted) was added. Cox proportional hazard models were used to determine the risk of lung function decline over 4 years on subsequent mortality and COPD hospital admissions after adjusting for age, race, sex, smoking status, and other factors. Results: Of the participants in the initial cohort, 3388 (68.8%) had spirometric tests at the year 4 visit. Participants with GOLD stages 3 or 4 COPD at baseline were less likely than normal subjects to have follow up spirometric tests (52.7% v 77.9%, p,0.01) and were more likely to be in the most rapidly declining quartile of FEV 1 (28.2% v 21.3%, p,0.01) with an annual loss of FEV 1 of at least 3.5%. Overall, being in the most rapidly declining quartile of FEV 1 from baseline to year 4 was associated with an increased risk of admission to hospital for COPD (adjusted hazard ratio (HR) 1.6, 95% confidence interval (CI) 1.3 to 2.0) and all-cause death (adjusted HR 1.5, 95% CI 1.2 to 1.7) over an additional 7 years of follow up. Conclusion: More rapid decline in lung function is independently associated with a modest increased risk of hospital admissions and deaths from COPD in an elderly cohort of US participants.
C hronic obstructive pulmonary disease (COPD) is an important cause of morbidity and mortality in the United States and around the world. 1 2 The definition of COPD has evolved over time from one based on a clinical diagnosis of chronic bronchitis or anatomical findings of emphysema to one based on the presence of abnormal lung function. 3 4 Lung function is a strong predictor of survival, 5 lung cancer development, 6 and functional limitations. 7 Recent work, however, has emphasised the importance of measures other than pulmonary function in the prognosis of patients with COPD. 8 9 Impaired lung function has previously been shown to predict mortality, [10] [11] [12] [13] [14] although none of these studies classified lung function according to the recently developed international Global Initiative on Obstructive Lung Disease (GOLD) guidelines for the staging of COPD severity. 3 The decline in the forced expiratory volume in 1 second (FEV 1 ) is also an important predictor of morbidity and mortality, although most subjects in these studies had COPD or lung function impairment at baseline. [15] [16] [17] The GOLD guidelines do not categorise subjects with ''restrictive disease''-that is, subjects with a low forced vital capacity (FVC) but normal FEV 1 /FVC. Previous work has suggested that subjects with this abnormality also have an increased risk of death. 5 18 We used a modification of the GOLD classification criteria, incorporating a classification for restrictive disease, to examine the association between impaired lung function at baseline and lung function decline over 4 years and outcomes, including COPD related admission to hospital and allcause mortality, in a large cohort of US adults aged 65 and older at baseline and followed for up to 7 years after the second pulmonary function evaluation.
METHODS

Study background
The original Cardiovascular Health Study (CHS) cohort of 5201 men and women was selected using Medicare eligibility lists provided by the US Health Care Financing Administration for four communities: Forsyth County, North Carolina; Pittsburgh, Pennsylvania; Sacramento County, California; and Washington County, Maryland during the period from May 1989 to May 1990. 19 Spirometric testing was conducted at baseline and at 4 years. In addition to the questionnaire and spirometric data, our analytical dataset included hospitalisation data, which allowed us to classify ''COPD-related hospitalisations'' through 1999. CHS participants underwent pulmonary function testing during a baseline clinical examination and provided information on history of respiratory symptoms and diagnoses, body mass index (BMI), smoking history, and medical history. Study protocols were approved for protection of human subjects. Details of the CHS are published elsewhere. 19 
Study population
Our analysis was limited to CHS participants who provided baseline information on respiratory symptoms and diagnoses, underwent pulmonary function testing at the baseline examination, and for whom follow up data were available. Analyses incorporating lung function decline as either an outcome or predictive variable were limited to subjects who had pulmonary function testing done at the baseline visit and visit 6 (approximately 4 years after the baseline visit).
Pulmonary function data
Spirometric tests were conducted using a volume displacement water sealed spirometer. At least three acceptable spirograms were obtained from a minimum of five forced expirations. The best single spirogram was identified by computer and confirmed by a technician. Quality assurance was provided by the CHS Pulmonary Function Center and the procedures followed contemporary American Thoracic Society guidelines. 20 Several measures of lung function were used: forced expiratory volume in 1 second (FEV 1 ), forced vital capacity (FVC), and FEV 1 /FVC ratio. The Knudson prediction equations were used to determine the ''normal'' values of FEV 1 and FVC based on age, sex, and race. 21 Variable definition Age, sex, race, and highest education level obtained were self-reported. Age was stratified into 4 year categories, race was classified as white or black, and education level was classified as ,12 years, 12 years, or .12 years.
Respondents with positive responses to ''Have you ever smoked cigarettes?'' and ''Do you now smoke cigarettes?'' were classified as ''ever smokers'' and ''current smokers,'' respectively. Pack-years of cigarettes smoked were calculated for current and former smokers. BMI was calculated as weight divided by height squared (kg/m 2 ). 22 We defined a participant as having a respiratory symptom (used to classify GOLD 0 lung function status) if they responded positively to any of the following questions: ''Do you usually have a cough?''; ''Do you usually bring up phlegm from your chest?''; ''Does your chest ever sound wheezy or whistling apart from colds?''; ''Do you have to walk slower than people of your age on the level because of breathlessness?''; ''Are you too breathless to leave the house or breathless on dressing or undressing?'' Using a modification of the criteria developed by GOLD, 3 we classified subjects according to their Subjects with a rapid decline in lung function were identified on the basis of lung function values at the baseline evaluation and at the follow up examination at approximately 4 years. We determined the quartiles of the change (determined as an annual percentage change from the baseline level) in the FEV 1 and classified those in the most negative category as ''rapid decliners'' and the other three categories as the referent group. For FEV 1 , the rapid decliners lost a median of 4.7% (range 3.5-22.7%) of their baseline value per year.
Subjects were classified as having diabetes if they either reported a diagnosis of diabetes at baseline or had impaired fasting or post glucose load glucose (.140) at the examination. Subjects reporting a diagnosis of a previous myocardial infarction, stroke, heart failure, angina, or transient ischaemic attacks were classified as having cardiovascular disease at the baseline examination. BMI was determined by dividing the measured weight in kilograms by the height in meters squared and was stratified into four categories: (20, 21-24, 25-29 and >30 kg/m 2 . Exercise category was determined using a combination of self-reported exertion (based on reported activities at work, home and leisure) and the number of blocks walked in the previous week. Both of these measures were divided into quartiles and the level was classified based on the highest of either of these categories.
Subjects completed the Centers for Epidemiologic Studies Depression (CESD) scale to self-report the presence and persistence of depressive symptoms. 23 This version of the CESD consisted of 10 items which are scored from 0 to 3 points, depending on their frequency during the past week. We divided the scores from this scale into quartiles and considered subjects in the highest quartile (scores of 7 or higher) as ''depressed''. 23 Deaths Death information coded in the CHS database was obtained from death certificates, although cause of death was not made available in our file to protect the participants' confidentiality. We used the time of survival from the second spirometric test to either death or the date last known to be alive as the time metric.
Hospital admissions
Hospital admission data were searched and events coded for any admissions that mentioned COPD in the time period following the second spirometric test. We used the time from the second spirometric to either the COPD hospital admission, death, or the date last known to be alive as the time metric. . Logistic regression models were used to predict which participants were more likely to be missing spirometry measurements at the follow up visit (for example, did not survive to year 4 or could not perform the test) and to predict risk factors for subjects being in the group with the most rapidly declining lung function. Our primary outcomes of interest in the survival models were death and COPD hospital admissions that occurred after the follow up evaluation, and the main predictor of interest in our analysis was lung function and the decline in lung function from the baseline visit to the follow up visit. Cox proportional hazard regression models were developed using the SUDAAN procedure SURVIVAL to account for differential follow up in cohort participants. Time of follow up was used as the underlying time metric. For deaths, the exit date (or censoring) was the date of death reported on the death certificate and, for survivors, the exit date was the date the participant was last known to be alive. Plots of the log-log survival curves for each covariate were produced to evaluate the proportional hazards assumptions. Age, sex, race, smoking status, education level, BMI, diabetes status, cardiovascular disease status, exercise level, and depression were included in the adjusted models.
Analysis of data
RESULTS
The studied CHS cohort consisted of 5201 subjects;184 subjects with missing pulmonary function data and 94 who were missing data on covariates were excluded, leaving 4923 subjects available for analysis.
The demographic characteristics of the studied population are shown in table 1. Overall, 330 participants (6.7%) had GOLD stage 3 or 4 COPD and 962 (19.5%) had GOLD stage 2 COPD at baseline. Death before the follow up visit occurred in 447 participants, and an additional 1088 subjects either did not participate in the follow up visit or did not have pulmonary function testing done at that visit, leaving 3388 subjects with spirometric data available at the follow up visit. Significant predictors of not having follow up pulmonary function testing (because of death or unavailability) included older age, current smoking, lower educational level, depression, heart disease, lower exercise level, and lower level of lung function (table 1) . Table 1 Demographic distribution of study participants, proportion with spirometric data at visit 6 (approximately 4 years after baseline visit), and the proportion of subjects in the most rapidly declining quartile of FEV 1 Subjects in the most rapidly declining quartile of FEV 1 had a mean annual loss of 110 ml, which was 5.4% of the baseline level (table 2). All of the subjects in this group lost at least 3.5% of their baseline FEV 1 annually. The 840 subjects in the more rapidly declining quartile were more likely to have respiratory symptoms at baseline (53% v 45%), to be current smokers (17% v 9%), and to be female (62% v 56%) than the 2548 subjects in the other three quartiles (p,0.05 for each comparison).
Death during follow up occurred in 712 of the 3388 subjects (21.0%) who had repeat lung function testing. The follow up period after the repeat lung function test was a median of 6.5 years and a maximum of 7.0 years for the cohort. Of the 1088 subjects not available for pulmonary function testing at the second visit, 443 (40.7%) died during the follow up period. Death rates, stratified by baseline lung function and rapid FEV 1 decline, ranged from 19/1000 person-years among normal subjects without rapid lung function decline to 118/1000 person-years among subjects with GOLD 3 or 4 COPD and a rapid decline in lung function (table 3) . Overall, subjects with a more rapid decline in FEV 1 were at higher risk of death (hazard ratio (HR) 1.5, 95% CI 1.2 to 1.7), with HRs ranging from 1.1 to 2.0 in the stratified analyses (table 3) . Across the entire cohort, the interaction term between the initial GOLD stage and rapid decline in lung function for the outcome of death was not significant (p = 0.16). The interaction between GOLD stage, lung function decline, and death is shown in fig 1. Among the 3388 participants with repeat lung function testing at year 4, 521 (15.4%) had had at least one COPD related hospital admission during the follow up period. Hospital admission rates, stratified by baseline lung function and rapid FEV 1 decline, ranged from 7/1000 person-years among normal participants without rapid lung function decline to 170/1000 person-years among those with GOLD 3 or 4 COPD and a rapid decline in lung function (table 3) . Overall, participants with a more rapid decline in FEV 1 had Table 3 Death rate, risk of death, hospitalisation rate for COPD, and risk of a COPD related hospital admission (from Cox proportional hazard models) stratified by baseline pulmonary function and rapid decline in the FEV 1 an increased risk of COPD related hospital admissions (HR 1.6, 95% CI 1.3 to 2.0), ranging from 30% to a twofold increase in the stratified analyses (table 4) . Across the entire cohort, the interaction term between the initial GOLD stage and rapid decline in lung function for the outcome of COPD related hospital admission was not significant (p = 0.86). The interaction between GOLD stage, lung function decline, and COPD related hospital admissions is shown in fig 2. 
DISCUSSION
In this large cohort of an elderly population we found that subjects who lost lung function more rapidly between the baseline and follow up visit 4 years later were at an increased risk for death and COPD related hospital admissions during the follow up period. While these effects were modest, with HRs of 1.5 (95% CI 1.2 to 1.7) for death and 1.6 (95% CI 1.3 to 2.0) for COPD related hospital admissions, they still correspond to a 50-60% increase in risk. These results are similar to those seen in another US cohort that is much younger than the one studied here. 24 This analysis also highlights some of the challenges in any work that looks at the decline in lung function in a population, including survivor bias and choosing the best way to classify rapid lung function decline.
As would be expected, we found a strong and consistent relation between the baseline lung function and risk of death or COPD related hospital admissions, even when the cohort was limited to people surviving to the follow up visit without a rapid lung function decline. This relation is shown in table 3 where the risk of death was three times higher (60 v 19 per 1000 person-years) when subjects with GOLD 3 or 4 COPD at baseline were compared with normal subjects. An even stronger effect was noted for COPD related hospital admissions where the corresponding values were 89 v 7 admissions per 1000 person-years.
The measurement of lung function decline fundamentally depends upon survival up to the time of the repeat measurement. In addition, participants must be healthy enough to perform spirometric tests. In our analysis many factors that were significant predictors of death (such as older age, co-morbid disease, current smoking) also predicted the absence of follow up spirometric data (table 2) . In addition, of the participants known to be alive at the follow up visit, the risk of death during follow up among those who did not have spirometric data was twice that of those who did (40.7% v 21.0%). Thus, in this analysis of the CHS, people who had follow up spirometric data probably represented a healthier survivor cohort that cannot be generalised to the sicker participants who died in the first 4 years or were unable to contribute the second spirometric measurement. This finding is consistent with those from other studies that suggest that lung function decline in cohorts (where one would see a survivor effect) is less than that estimated in cross sectional studies, 25 or that people unable to complete a clinical trial have a more rapid deterioration in their health status and lung function. 26 It may also be possible, however, that some participants attended the follow up visit because they thought they were sick, potentially biasing these findings towards a population that is more sick.
In a previous analysis of data from this cohort Griffith et al 27 showed that baseline factors of history of dyspnoea, presence of emphysema, and use of beta-blocker medications actually predicted a smaller decline in FEV 1 and FVC, although each of these factors was also associated with significantly lower lung function levels at the baseline examination. This combination of findings suggests a survivor effect where, for example, people with emphysema at baseline who survived to the follow up examination were probably healthier than those who died or were unable to participate in the follow up examination.
Among the survivors who had follow up lung function data at year 4, we classified a group of rapid decliners based on the annual percentage decrease from the baseline FEV 1 . There are potential disadvantages to this approach in that subjects with lower baseline lung function are more likely to have larger changes in their follow up values (either increases or decreases). 28 Alternative approaches such as looking at changes in the absolute FEV 1 value or the percentage change in FEV 1 as a proportion of the predicted FEV 1 value can bias against subjects with lower initial FEV 1 values where small changes can still have large clinical relevance. 29 30 Our group of rapid decliners who had a mean loss of 110 ml FEV 1 annually (at least 3.5% of their baseline FEV 1 value annually) can be compared with ''rapid decliners'' in other cohorts. In one study of workers exposed to grain dust, a rapid decline in lung function was defined at >90 ml per year, 31 and in 4451 participants in the Honolulu Heart Program rapid decliners had a decrease of >60 ml per year. 32 People can lose FEV 1 for several reasons, including worsening obstruction and the loss of FVC which, in turn, can be due to the development of restrictive disease, congestive heart failure, obesity, or other factors. Age itself is a significant predictor of lung function decline with larger decrements of FEV 1 associated with greater age. 33 Our results suggest that, even in an elderly population, lung function measurements provide prognostic information. If lung function is declining rapidly, factors that may be causing this should be evaluated.
An interesting finding of our study was that the risk associated with being a ''rapid decliner'' for outcomes such as COPD related hospital admissions and deaths may vary by baseline lung function status. For example, among subjects initially classified as GOLD 0, rapid decliners had a higher risk of death (HR 1.9, 95% CI 1.2 to 2.9) whereas, among subjects initially classified as GOLD 2, this was not found (HR 1.1, 95% CI 0.8 to 1.5). Although this may have been related to our definition of ''rapid decliners'', it may also suggest that the loss of lung function is one of several important factors in the prognosis of COPD patients. The bias introduced by loss of the sickest participants who did not survive or were unable to perform follow up lung function tests is an alternative explanation for the variation in risk associated with rapid FEV 1 decline by baseline stage of lung function. Annual measurements of lung function would have provided a much fuller picture of the role of baseline stage and modification of risk of rapid decline of FEV 1 on major morbidity and mortality.
This analysis has certain limitations. We only had two measurements of lung function available to calculate lung function decline. Thus, a person who had a particularly good or bad day at either assessment could have been misclassified. Our primary way of dealing with this problem was to use only two categories of lung function decline rather than a continuous measure. Smoking status, which is an important predictor of mortality, was not independently validated with biomarkers, so some misclassification probably occurred. It is unclear what direction the bias from this misclassification would take but, due to social desirability, some current smokers may have responded as ''former smokers'' which would bias the results towards the null. Respiratory symptoms were all self-reported and not independently validated. The strict classification using GOLD criteria requires the use of a post-bronchodilator FEV 1 which was not available in this study. 3 We did not have data available on total lung capacity which is needed for the strict definition of restrictive lung disease, 34 so it is possible that some of those
